Using the laser photolysis/laser-induced fluorescence ͑LP/LIF͒ pump-probe technique, the gas phase photodissociation dynamics of room temperature DNCO were studied at photolysis wavelengths of 193 and 248 nm. D atoms produced via DNCO (X 1 AЈ)ϩh→D( 2 S) ϩ NCO(X 2 ⌸) were detected by (2 p 2 P←1s 2 S)-LIF using tunable narrow-band Lyman-␣ laser radiation ͑ L ␣ Ϸ 121.5 nm͒ generated by resonant third-order sum-difference frequency conversion of pulsed dye laser radiation. By means of a photolytic calibration method absolute cross sections for the direct photochemical D atom formation were measured to be D (193 nm) ϭ (5.5 Ϯ 0.5) ϫ 10 Ϫ20 cm 2 molecule Ϫ1 and D (248 nm) ϭ (1.2 Ϯ 0.2) ϫ 10 Ϫ21 cm 2 molecule Ϫ1 . For the wavelength of 193 nm, the measurement of the optical absorption cross section DNCO ͑193 nm͒ϭ͑2.6Ϯ0.2͒ϫ10 Ϫ19 cm 2 molecule Ϫ1 allowed the direct determination of the D atom product quantum yield of D ͑193 nm͒ ϭ (0.21Ϯ0.03). At the wavelength of 248 nm, where the optical absorption cross section was too small to be measured with reasonable accuracy, a kinetic calibration method was used to measure product quantum yields for D atom, D ͑248 nm͒ ϭ (0.77 Ϯ 0.10), and for ''spin-forbidden'' ND(X 3 ⌺ Ϫ ) formation, ND ͑248 nm͒ ϭ (0.23 Ϯ 0.10). From the D atom Doppler profiles, measured under collision-free conditions, the fraction of the available energy released as product translational energy was determined to be f T (DϩNCO)ϭ(0.44 Ϯ 0.04) for 193 nm and f T (DϩNCO)ϭ(0.64Ϯ0.17) for 248 nm photolysis wavelengths. In addition, using polarized photodissociation laser light, measurements were carried out in order to determine the anisotropy of the D atom product angular distribution. It was found that the value of the anisotropy parameter ␤ decreases from Ϫ͑0.45Ϯ0.09͒ for a photolysis wavelength of 193 nm to Ϫ͑0.01Ϯ0.10͒ at 248 nm, suggesting a moderately anisotropic distribution at the shorter wavelength and an effectively isotropic one at the longer wavelength. Comparisons are made with results from recent photodissociation dynamics studies of the isotopomer HNCO. © 1997 American Institute of Physics. ͓S0021-9606͑97͒03211-X͔
I. INTRODUCTION
Isocyanic acid ͑HNCO͒ is an important intermediate in a variety of combustion processes, such as the conversion of fuel-bound nitrogen into NO as observed in coal combustion, where, for example, the nitrogen-containing compounds can evaporate during the gasification process leading to NO formation in the gas phase. 1 Furthermore, photolytic and high temperature ͑TϾ1800 K͒ thermal decomposition of HNCO are convenient methods of producing NCO and NH molecules for laboratory kinetics studies of gas phase elementary reactions. [2] [3] [4] The photochemistry of HNCO is of particular interest because of the variety of electronic transitions and the related distinct reaction channels which can be accessed after optical excitation. On the other hand, the relatively small size of the HNCO molecule should allow in the near future a theoretical description of not only the ground-state isomerization dynamics ͑as has been done in Ref. 5͒ but also the multidimen-sional excited-states dynamics of photofragmentation processes on a high level ab initio basis. 6 Photochemical properties of HNCO such as optical absorption spectra in the ultraviolet ͑UV͒ and vacuum ultraviolet ͑VUV͒ spectral regions and emission spectra after photodissociative excitation processes have been investigated in great detail in the past. 7 Based on the analysis of the observed rotational structure of the absorption spectrum of HNCO between 200 and 265 nm, Dixon and Kirby 8 deduced the HNCO͑ 1 AЉ͒ excited state equilibrium geometry, suggesting that in the excited state, HNCO is bent with an N-C-O angle of about 120°. In this spectral region the photochemistry of HNCO in general is dominated by the following competing dissociation channels of which only the first two are spin-allowed:
The photodissociation dynamics of HNCO have been the subject of considerable attention. 11, 12 In Ref. 11 it was found that the threshold for HNCO dissociation lies at wavelengths longer than 240 nm and the quantum yield 1a of channel ͑1a͒ increases relative to that of channel ͑1b͒ with decreasing wavelength. Quantum yield measurements of NCO 12͑a͒, 13 and H atom formation [14] [15] [16] [17] between 193 and 248 nm are in general consistent with this observation. Although there is very good agreement between the directly measured NCO ͑ NCO ϭ 1b ϭ0.97͒ and H atom yields ͑ H ϭ 1b ϭ0.95͒ at longer wavelengths ͑235.0 13 and 248 nm, 17 respectively͒, there is still considerable disagreement regarding the H atom yield at a photolysis wavelength of 193 nm, for which the available literature values, which have been measured using different experimental methods, range from H ϭ͑0.050Ϯ0.006͒ 14 to H ϭ͑0.36Ϯ0.01͒. 15 A part of the work to be presented in this article focused on the attempt to resolve this discrepancy.
Several studies have focused on the measurement of the dissociation energy of HNCO. Early measurements by Okabe 18 gave a value of D 0 ͑H-NCO͒р113 kcal/mol in good agreement with an ab initio calculation result of D 0 ͑H-NCO͒ϭ110.5 kcal/mol. 19 Later measurements yielded slightly lower values of D 0 ͑H-NCO͒р110.1 kcal/mol, 20, 21 D 0 ͑H-NCO͒р109.6 kcal/mol, 22 and D 0 ͑H-NCO͒р109.7 kcal/mol, 23 respectively. Measurements of the D 0 ͑H-NCO͒ bond enthalpy carried out using a room temperature HNCO sample gave a value of р121.5 kcal/mol. 12͑a͒ Initial-stateselected photodissociation studies by Crim and co-workers, however, led to a higher value of р122.1 kcal/mol 22 which is in good agreement with results from HNCO photolysis studies in a molecular beam by Reisler and co-workers who re-ported a value of D 0 ͑H-NCO͒р122.5 kcal/mol. 23 The significantly lower value of Ref. 12 was attributed to HNCO hot band photolysis occurring in the room temperature measurements and which is absent in the two latter studies. 22, 23 Recently, bond-selective HNCO photodissociation studies were reported by Crim and co-workers 24, 25 where they demonstrated that initial vibrational state preparation of the parent HNCO molecule can strongly influence the branching ratio between the product channels ͑1a͒ and ͑1b͒. It was found that initial excitation of the H-NCO stretching overtone ͑3 1 ͒ can enhance significantly the probability for N-H bond cleavage in the electronically excited state compared to that in the isoenergetic photolysis of the HNCO ground vibrational state.
The ion imaging technique as pioneered by Chandler and Houston 26 was used to detect CO in the 217 nm photolysis of HNCO. 27 In these studies a CO photofragment image characteristic of a perpendicular HNCO (X 1 AЈ→ 1 AЉ) transition was observed and a value of ␤ϭϪ͑0.7Ϯ0.2͒ was reported for the anisotropy parameter of the CO product angular distribution. Anisotropy parameters for the H atom formation channel ͑1b͒ of ␤ϭϪ͑0.85Ϯ0.1͒ and ␤ϭϪ͑0.13Ϯ0.11͒ were determined for the photolysis wavelengths 193 20 and 248 nm, 17 respectively. The decrease in the anisotropy of the product angular distribution was attributed to an increase of the excited state lifetime with increasing photolysis wavelength and it was suggested that at the longer wavelength of 248 nm, H atom formation proceeds by a predissociation mechanism 28 in which a barrier located in the H-NCO exit channel actually leads to the observed ''nonstatistical'' translational excitation of the H atoms produced. 17 A similar nonstatistical energy partitioning was inferred for the H-NCO translational degree of freedom in a near-threshold photolysis study of HNCO from NCO internal state distribution measurements. 29 In Ref. 30 , based on double-resonance measurements of the line broadening of single rotational lines 31 in the NCO photolysis yield spectrum, the height of the barrier located in the H-NCO dissociation channel was suggested to be about 2000 cm Ϫ1 . From the absolute value of the measured line width, an excited-state lifetime of about 3 ps was determined after dissociative excitation of HNCO at a wavelength of about 260 nm. 29 The fragmentation dynamics of chemically activated HNCO formed in the reactions NH͑a 1 ⌬͒ϩCO 32 and HϩNCO 33 have also been investigated. For the NH͑a 1 ⌬͒ ϩCO reaction, Hack and Rathmann 32b determined the branching ratio for physical quenching to form NH͑ 3 ⌺ Ϫ ͒ϩCO to be 0.12. In Ref. 33 , it was observed that the reaction HϩNCO mainly yields NH͑ 3 ⌺ Ϫ ͒ϩCO rather than NH͑a 1 ⌬͒ϩCO products. For the DNCO system, however, considerably less dynamical information is available. The deuterated analogues of the photochemical reaction pathways 1͑a-c͒ are Dixon and Kirby reported an attempt to measure the optical absorption spectrum of DNCO from 265 nm to shorter wavelengths. 8 Bohn and Stuhl 34 determined the ND͑a 1 ⌬͒ vibrational state distribution in the 193 nm photodissociation of DNCO but no information is available so far regarding the other two channels ͑2b͒ and ͑2c͒. The motivation for the present work was to characterize the D atom formation channel and to investigate the effect of isotopic substitution on the scalar and vector properties of the product velocity distributions at the two different photolysis wavelengths of 248 and 193 nm. For both wavelengths, absolute cross sections for photolytic D atom formation were determined, and the ''spin-forbidden'' formation of ND͑ 3 ⌺ Ϫ ͒ was investigated in order to assess the relative importance of channel ͑2c͒ in the dissociation of DNCO after photoexcitation at 248 nm. The results will be compared with recent results obtained for the HNCO molecule, including the optical absorption cross section at 193 nm and a re-evaluation of the H atom quantum yield.
II. EXPERIMENT
DNCO photodissociation studies were carried out in a flow reactor system at mTorr level pressures using the experimental setup schematically depicted in Fig. 2 , which has been used previously for HNCO photodissociation studies 16, 17 and dynamics investigations of bimolecular gasphase reactions. 35 In the present study an excimer laser operating with an ArF mixture ͑193 nm emission wavelength͒ and a KrF mixture ͑248 nm emission wavelength͒ was used to photodissociate DNCO ͑HNCO͒ and HCl/H 2 S at room temperature. A circular aperture was used to skim off a homogeneous part of the rectangular excimer laser profile in order to provide the photolysis beam with a typical energy of about 2 mJ/pulse ͑193 nm͒ and about 5 mJ/pulse ͑248 nm͒, respectively.
Tunable Lyman-␣ laser light for D͑121.534 nm͒ and H͑121.567 nm͒ atom detection via (2p 2 P←1s 2 S) laser induced fluorescence was generated by resonant third-order sum-difference frequency conversion ͑ VUV ϭ2 R Ϫ T ͒ in a Kr-Ar mixture. 36 The four-wave mixing scheme is included as an inset in Fig. 2 . The fixed frequency R ͑ R ϭ212.55 nm͒ was resonant with the Kr 4 pϪ5p ͑1/2, 0͒ two-photon transition, while the frequency T was tuned from 844 to 847 nm to cover the D and H atom Lyman-␣ transition. The fundamental laser radiation was obtained from two dye lasers, simultaneously pumped by a XeCl excimer laser. R was obtained by second-harmonic generation using a BBO II crystal. The generated Lyman-␣ light was carefully separated from the fundamental lasers by a lens monochromator ͑denoted as LM in Fig. 2͒ followed by a light baffle system. A bandwidth of ⌬Ϸ0.4 cm Ϫ1 was determined for the Lyman-␣ laser radiation in separate experiments by measuring H atom profiles under thermalized conditions. The probe beam was aligned so as to intersect the photolysis beam at right angles in the viewing region of the LIF detector ͑PM 1 in Fig. 2͒ . In the photodissociation dynamics studies, the delay time between the pump and probe pulses was typically 80-120 ns, with a pulse-to-pulse fluctuation of about 5 ns. The LIF signal was measured through a band pass filter by a solar blind photomultiplier positioned at right angles to both pump and probe lasers. The VUV-probe beam intensity was monitored by a photomultiplier ͑PM 2 in Fig. 2͒ after passing through the reaction cell. In order to obtain a satisfactory S/N ratio, each point of the H atom Doppler profiles was averaged typically over 30 laser shots. LIF signal, VUVprobe and the photolysis laser intensities were recorded with a 3-channel boxcar system and transferred to a microcomputer where the LIF signal was normalized to photolysis and probe laser intensities.
During the experiments, room temperature DNCO flowed through the reactor at a rate high enough to ensure total renewal of the gas at the intersection region of the pump and probe lasers between successive laser shots. All measurements were carried out at a repetition rate of 6 Hz. The DNCO pressure in the cell was typically 25 mTorr for the 193 nm photodissociation. Since the absorption cross section at 248 nm is about two orders of magnitude lower compared to 193 nm, pressures in the range of 100 mTorr were used to get good S/N ratio at the longer wavelength. HCl͑Messer Griesheim, 99.999%͒ was used as the source of well-defined H atoms for the calibration measurements in the studies at a photolysis wavelength of 193 nm, whereas at 248 nm H 2 S ͑UCAR electronic grade͒ was used. The typical pressures of HCl/H 2 S employed in the present studies were around 25 mTorr. Several test runs were carried out in order to confirm that the results are not affected by side reactions of DNCO photolysis products. First, the pump-probe delay time was varied between 80 and 150 ns. No significant change in the D atom signal was observed, consistent with production of D atoms solely by direct DNCO photolysis. Secondly, in experiments in which the photolysis laser intensity was varied, no nonlinear effects on the D atom fluorescence signal could be observed, showing that multiphoton processes do not play a role.
A contribution to the LIF signal from D or H atoms produced directly by the Lyman-␣ photolysis of DNCO and HCl/H 2 S, respectively was observed. In order to discriminate between this ''Lyman-␣-background'' signal and that produced in the 193/248 nm photolysis, an electronically controlled mechanical shutter was inserted into the photolysis beam path ͑see Fig. 2͒ . At each point of the D/H atom Doppler profile, signal was recorded first with the shutter open, and then with the shutter closed, the difference between the two signals representing the contribution from D/H atoms generated solely by photolysis. A point-by-point subtraction procedure was adopted to obtain a signal free from the ''Lyman-␣-background.'' For the measurements of the anisotropy of H/D atom velocity distribution the photolysis laser beam was linearly polarized ͑between 90%-95%͒ in either a perpendicular or parallel sense relative to the probe beam direction ͑defined by k pr ͒ using a 10-plate Brewster-angle stack polarizer ͑see Fig. 2͒ , or was used without polarizing elements. The degree of polarization ␣, defined as the fraction of the total laser intensity polarized in the perpendicular direction, was measured for each of these three configurations with a second identical stack polarizer in a polarizer/analyzer arrangement.
As described in our previous studies for HNCO, 16, 17 DNCO was prepared using the method described by Ashby and Werner. 37 In the synthesis of DNCO a 85% solution of D 3 PO 4 ͑99%D͒ in D 2 O from Aldrich Chemicals and D 2 O ͑99.8% D͒ from Fluka were used. The purity of the synthesized isocyanic acid was checked by FT-IR spectroscopy. HNCO and DNCO were stored at liquid nitrogen temperature. For the measurements, a reservoir temperature around Ϫ60°C was maintained. The HNCO/DNCO vapor was slowly pumped through a glass bulb kept at room temperature before entering the flow reactor.
In kinetics studies where the formation of ND͑X 3 ⌺ Ϫ ͒ in the 248 nm DNCO photolysis was investigated by searching for D atoms produced via the reaction ND͑X 3 ⌺ Ϫ ͒ϩNO, 38 the NO flow was passed through a two-stage acetone trap ͑maintained at Ϫ80°C͒ and over KOH before entering the reactor in order to remove NO 2 impurities. 3c In these room temperature kinetics measurements, DNCO ͑10-40 mTorr͒ was photolyzed at 248 nm in NO/N 2 mixtures ͑NO/N 2 ratios were between 1:40 and 1:70͒ at a total pressure of 7 to 8 Torr and the time evolution of the D atom concentration was recorded ͑see Fig. 3͒ in order to detect any additional D atoms produced by the reaction ND͑X 3 ⌺ Ϫ ͒ϩNO→DϩN 2 O.
III. RESULTS

A. DNCO؉h˜D؉NCO: Absolute cross section for D atom formation
Absolute cross sections D for atom formation at the photolysis wavelength of 193 and 248 nm were obtained by calibrating the D atom signal S D ͑DNCO͒ measured in the DNCO photodissociation against the H atom signal S H ͑HCl or H 2 S͒ from well-defined H atom number densities generated by photolyzing HCl or H 2 S. The absolute cross section for the dissociation channel ͑2͒ was determined using the following relationship: 39 and HCl at 193 nm ͑ HCl ϭ8.1ϫ10 Ϫ20 cm 2 molecule Ϫ1 ͒, 40 respectively. The factor ␥ is an absorption correction which had to be applied because of the different degrees of absorption of the Lyman-␣ radiation by DNCO and HCl/H 2 S; the optical absorption cross sections of DNCO and H 2 S at the D and H atom Lyman-␣ wavelength were therefore measured and found to be DNCO ͑L ␣ ͒ϭ͑2.5Ϯ0.2͒ ϫ10 Ϫ17 cm 2 molecule Ϫ1 and H 2 S (L ␣ )ϭ(2.8 Ϯ 0.2)ϫ10 Ϫ17 cm 2 molecule Ϫ1 . In Fig. 4 , the corresponding Lambert-Beer plots are shown. For HCl we observed a negligibly small absorption of the Lyman-␣ radiation under the present experimental conditions. We obtain via Eq. ͑3a͒ value of D ͑193 nm͒ϭ͑5.5Ϯ0.5͒ϫ10 Ϫ20 cm 2 molecule Ϫ1 and a value of D ͑248 nm͒ϭ͑1.2Ϯ0.2͒ϫ10 Ϫ21 cm 2 molecule Ϫ1 for the absolute D atom formation cross sections at the photolysis wavelength of 193 and 248 nm, respectively.
B. DNCO؉h˜D؉NCO: Quantum yield for D atom formation at 193 nm
The quantum yield for D atom formation is given by D ϭ D / DNCO and thus can readily be determined from the measured D atom formation cross section D when the optical absorption cross section DNCO is known at the corre-sponding photolysis wavelength. Because a directly measured value for the optical absorption cross section of DNCO at 193 nm could not be found in the literature, it was determined in the present studies. In order to eliminate any systematic error in the absolute measurement of this small absorption cross section, the ratio of the absorption cross sections of DNCO and HCl was measured, giving a value of DNCO / HCl ϭ͑3.2Ϯ0.2͒. From this, using the recently measured value HCl ͑193 nm͒ϭ͑8.1Ϯ0.4͒ϫ10 Ϫ20 cm 2 molecule Ϫ1 40 as a standard, an optical absorption cross section of DNCO ͑193 nm͒ϭ͑2.6Ϯ0.2͒ϫ10 Ϫ19 cm 2 molecule Ϫ1 was obtained, which leads to a quantum yield for D atom formation of D ͑193 nm͒ϭ͑0.21Ϯ0.03͒. This quantum yield is in excellent agreement with the value which we recently determined 38 using the kinetic calibration method of Matsui and co-workers, 15 and indicates that the H/D quantum yields for photolysis of H/DNCO at this wavelength are significantly different.
There has been some discussion in the literature concerning the branching ratio H in the HNCO photolysis at 193 nm where values ranging from H ͑193 nm͒ϭ͑0.050 Ϯ0.006͒ to H ͑193 nm͒ϭ͑0.36Ϯ0.01͒ were reported. 14, 15 A value of H ͑193 nm͒ϭ͑0.20Ϯ0.04͒ which we determined in Ref. 16 was based on optical absorption cross sections of HCl ͑193 nm͒ϭ9ϫ10 Ϫ20 cm 2 molecule Ϫ1 and HNCO ͑193 nm͒ϭ5ϫ10 Ϫ19 cm 2 molecule Ϫ1 taken from the literature. 18, 41 In Ref. 41 , the value for HCl was obtained by a linear interpolation using the values originally measured by Inn 42a at 190 nm ͑14.5ϫ10 Ϫ20 cm 2 molecule Ϫ1 ͒ and at 195 nm ͑6.18ϫ10 Ϫ20 cm 2 molecule Ϫ1 ͒. However, nonlinear interpolation based on the complete data set of Inn ͓17 values measured in steps of 5 nm in the wavelength range 140-220 nm as listed in Refs. 42͑b͒ and 42͑c͔͒ leads to a value of 8.26ϫ10 Ϫ20 cm 2 molecule Ϫ1 which is in very good agreement with the directly measured value of ͑8.1Ϯ0.4͒ϫ10 Ϫ20 cm 2 molecule Ϫ1 40 used as a reference value in the evaluation of the present DNCO measurements. In order to allow for a re-evaluation of our earlier HNCO data, we also measuredusing the method described above-the optical absorption cross section of HNCO at 193 nm and found a value of HNCO ͑193 nm͒ϭ͑2.5Ϯ0.2͒ϫ10 Ϫ19 cm Ϫ2 molecule Ϫ1 . With these new values for the optical absorption cross sections we obtain a revised value of H ͑193 nm͒ϭ͑0.36Ϯ0.08͒ which, apart from the higher uncertainty, is identical with the result of the kinetic calibration method of Matsui and co-workers 15 in which no knowledge about optical absorption cross sections was necessary. The present results confirm that the H atom formation channel ͑1b͒ is not a minor channel in the dissociation of HNCO after photoexcitation at 193 nm. The results obtained at the photolysis wavelength of 193 nm are summarized in Table I .
C. DNCO؉h˜D؉NCO/ND( 3 ⌺ ؊ )؉CO: Quantum yield for ND( 3 ⌺ ؊ ) and D atom formation at 248 nm
Because of the considerably smaller absorption of HNCO at 248 nm, a measurement of the optical absorption cross section was not possible and thus the method for the determination of the D atom quantum yield as described in the previous section could not be used. Therefore, in order to assess the relative contribution of the two energetically allowed product channels ͑1b͒ and ͑1c͒, a kinetic calibration method similar to the one used in Refs. 15 and 17 was employed. This method allows the direct measurement of the photolytic branching ratio of the D atom vs ND͑ 3 ⌺ Ϫ ͒ formation channel.
In the kinetics experiments, DNCO was photolyzed at 248 nm in a background of NO and N 2 at room temperature. The buffer gas N 2 was present in a large excess over NO in order to ensure thermalization of the photolytically produced ND͑ 3 ⌺ Ϫ ͒ fragments. The increase of the relative D atom concentration due to the ND͑ 3 ⌺ Ϫ ͒ϩNO reaction was monitored as a function of the delay time between photolysis and probe laser pulses. In Fig. 3 , D atom time profiles are shown measured in the presence and absence of NO. The dashed line in Fig. 3 is the result of a kinetic simulation using the recently measured ND͑ 3 ⌺ Ϫ ͒ϩNO reaction rate: k͑300 K͒ϭ͑2.8Ϯ0.3͒ ϫ10 Ϫ11 cm 3 molecule Ϫ1 s Ϫ1 . 38 The photolytic D atom versus ND͑ 3 ⌺ Ϫ ͒ branching ratio was determined by comparing the initial D atom concentration ͑immediately after the photolysis pulse͒ with the final pseudosteady D atom concentration reached typically after a reaction time of about 30 s ͑when conversion of ND͑ 3 ⌺ Ϫ ͒ into D atoms via the reaction with NO was complete͒. Taking into account the room-temperature D atom branching ratio of ͑0.87Ϯ0.17͒ 43 measured by Durant and co-workers for the ND͑ 3 ⌺ Ϫ ͒ϩNO reaction, we determined a D atom vs ND͑ 3 ⌺ Ϫ ͒ branching ratio for the 248 nm photolysis of DNCO of ͑0.77Ϯ0.10͒/͑0.23Ϯ0.10͒, which directly reflects the ratio D ͑248 nm͒/ ND ͑248 nm͒ of the photolysis product quantum yields.
D. DNCO؉h˜D؉NCO: (k,⑀ p )-vector correlation and center-of-mass translational energy distribution
VUV-LIF spectra were recorded at both photolysis wavelengths with horizontally ͑⑀ p ʈ k pr ͒ and vertically Following Bersohn et al. 45 the average energy released into z-translation can be written as a function of the total translational energy release E T(lab) , the anisotropy parameter ␤ and the degree of the photolysis laser polarization ␣ thus
Values of E z(lab) (D) were evaluated from Doppler profiles measured under the two polarization conditions. In calculating E z(lab) (D), a correction was applied in order to account for the finite laser bandwidth. From a least-squares fit of E z(lab) (D) as a function of ␣ according to Eq. ͑4͒, the ␤ parameter and the average translational energy E T(lab) (D) can be determined.
To check the consistency of the method, Doppler profiles of H atoms produced by HCl, H 2 S photolysis at 193 nm ͓see Figs. 5͑e͒ and 5͑f͔͒ and H 2 S at 248 nm under perpendicular and parallel polarization conditions were recorded. The method of analysis described above gave ␤ parameters of Ϫ͑0.80Ϯ0.02͒, Ϫ͑0.97Ϯ0.04͒ and Ϫ͑0.61Ϯ0.05͒ for HCl ͑193 nm͒, H 2 S ͑193 nm͒ and for H 2 S ͑248 nm͒, which are in very good agreement with the literature values of Ϫ͑0.82 Ϯ0.10͒, 46 Ϫ͑0.94Ϯ0.02͒, and Ϫ͑0.64Ϯ0.06͒. 47 The absolute values of the average translational energy E T(lab) (H) which were determined to be ͑45.7Ϯ2.2͒ kcal/mol for HCl ͑193 nm͒, ͑54.7Ϯ2.4͒ kcal/mol for H 2 S ͑193 nm and ͑24.4Ϯ1.2͒ kcal/mol for H 2 S ͑248 nm͒, were also found to be in good agreement with the corresponding literature values of 44.9 kcal/mol for HCl ͑193 nm͒, 56.6 kcal/mol for H 2 S ͑193 nm͒ and 24.6 kcal/mol for H 2 S ͑248 nm͒. 48 Using the method described above, the ␤ values for DNCO were determined to be Ϫ͑0.45Ϯ0.09͒ at 193 nm and Ϫ͑0.01Ϯ0.10͒ at 248 nm, respectively. In addition, experiments on the photolysis of HNCO were carried out which gave a value of ␤ϭϪ͑0.55Ϯ0.02͒ at 193 nm. For the same photolysis wavelength, Wittig and co-workers, 20 who studied the HNCO dissociation in a molecular beam, reported a strongly anisotropic value of Ϫ͑0.85Ϯ0.1͒. In a previous HNCO study we reported a value of ␤ϭϪ͑0.13Ϯ0.11͒ at the photolysis wavelength of 248 nm. 17 In case of DNCO, E T(lab) (D) values were determined to be ͑15.8Ϯ1.2͒ kcal/mol and ͑3.10Ϯ0.15͒ kcal/mol at 193 and 248 nm, respectively. For HNCO, a value of E T(lab) (H) ϭ (23.9 Ϯ 0.4) kcal/mol was determined at 193 nm in the present study. For HNCO photolysis at 248 nm using the same method a value of E T(lab) (H) ϭ (3.35 Ϯ 0.14) kcal/mol was determined earlier. 17 Finally, the average translational energy E T(cm) released to the D-NCO products in the center-of-mass system was calculated using the expression
where E T(lab) (D) and E T(lab) (DNCO) are the average laboratory translational energies of the D atom dissociation fragment and the DNCO molecule at Tϭ300 K, respectively. Values for the average translational energy E T(cm) were calculated to be ͑16.6Ϯ1.7͒ kcal/mol and ͑3.20Ϯ0.83͒ kcal/mol for the DNCO photolysis at 193 and 248 nm, respectively. E av , the average energy available to the DϩNCO dissociation products, is given by the photon energy plus the average internal energy of DNCO at room temperature, less the bond dissociation energy D 0 ͑D-NCO͒. The bond dissociation energy D 0 ͑D-NCO͒ is calculated from the previously determined value of D 0 ͑H-NCO͒ 20 by applying a zero-point energy correction using the vibrational frequencies given in Ref. 5͑d͒. The internal energy was calculated by summing over the vibrational state populations and using the classical approximation for the rotational energy. A value of D 0 ͑D-NCO͒ϭ111.7 kcal/mol was found, leading to values of E av ϭ37.6 kcal/mol and E av ϭ4.8 kcal/mol for the average excess energies in the photolysis of DNCO at 193 and 248 nm, respectively.
The fraction f T of the available energy released into the relative translational degree of freedom of the DϩNCO products was calculated to be f T (DϩNCO)ϭE T(cm) /E avl ϭ (0.44 Ϯ 0.04) at 193 nm and f T ͑DϩNCO͒ϭ͑0.64Ϯ0.17͒ at 248 nm. In Tables I and II the results are summarized and compared to results obtained in the HNCO photolysis.
IV. DISCUSSION
Photolytic product branching ratio, fragment velocity alignment and translational energy disposal data as measured in this work are dynamical quantities which are fundamentally governed by the way in which the ground state molecular wave function is projected-by absorption of a photononto the electronically excited potential surface͑s͒ as well as by the interaction of the initially excited state͑s͒ with additional electronic states, which are not directly accessible by the one-photon absorption process. 28͑b͒ Unfortunately, rather little is know about the details of the electronically excited states involved in the UV photolysis of HNCO and DNCO. For the HNCO͑ 1 AЉ͒ excited state surface, no ab initio calculations involving more than one dissociation coordinate 49 have been completed so far. However, sufficient experimental and theoretical data are available to construct at least a qualitative picture of the dissociation process which can be used to interpret the results of the present study.
In their measurements of the UV absorption spectrum of HNCO in the wavelength region between 200 and 280 nm, Dixon and Kirby observed in the longer wavelength region a rotational structure which becomes diffuse below 265 nm and finally disappears beyond 244 nm. 8 From this spectrum, Brown et al. 29 infer that the HNCO͑ 1 AЉ͒ excited surface is bound at excitation energies below about 37 700 cm Ϫ1 , predissociative with respect to the N-H coordinate in the region 37 700-41 000 cm Ϫ1 and unbound above 41 000 cm Ϫ1 . Recent studies 29 led to the conclusion that there exists a barrier to dissociation in the N-H coordinate ͑see Fig. 1͒ located approximately 2000 cm Ϫ1 above the HϩNCO dissociation threshold of D 0 ͑H-NCO͒ϭ38 320 cm Ϫ1 , whereas dissociation to NH͑a 1 ⌬͒ϩCO occurs at a threshold energy of 42 710 cm Ϫ1 with little or no barrier in the exit channel. 30 Photodissociation studies of HNCO and DNCO at 248 nm ͑40 323 cm Ϫ1 ͒ and 193 nm ͑51 814 cm Ϫ1 ͒, therefore allow the investigation of the molecular fragmentation dynamics after excitation to markedly different excited state regimes ͑see Fig.  1͒ . A simple two-dimensional analytical HNCO͑ 1 AЉ͒ surface has recently been developed ͑treating H-N-CO as a quasitriatomic molecule͒, 30 which is consistent with the available spectroscopic information and the experimental data regarding the energetics of the dissociation channels ͑1a͒ and ͑1b͒.
A. Photolysis of isocyanic acid at 193 nm: Hydrogen atom quantum yields
The revised value H ͑193 nm͒ϭ͑0.36Ϯ0.08͒ for the H atom quantum yield in the 193 nm photolysis of HNCO is in good agreement with the result of Matsui and co-workers. 15 Both results clearly indicate that after optical excitation of HNCO to energies well above the C-N dissociation threshold, H atom formation is more important than previously thought. 12͑a͒, 14 In addition, the measured value of the branching ratio for DNCO, D ͑193 nm͒ϭ͑0.21Ϯ0.03͒, is markedly smaller, indicating a significant isotope effect.
In Fig. 6 , the revised value of H ͑193 nm͒ is depicted and compared with literature values and recent results of NCO quantum yield measurements for room temperature HNCO. 13 The dashed line in Fig. 6 represents NCO quantum yields obtained by a quasiclassical trajectory ͑QCT͒ calculation on the above mentioned HNCO͑ 1 AЉ͒ surface, 30 which is a two-dimensional Morse potential along the N-H and HN-CO bonds. In this model, CO is considered as a single atom and the H-N-C angle was frozen at its equilibrium value. The model neglects any coupling between the two oscillators which allows the total vibrational wave function ͉N-H;HN-CO͘ to be written as the product of the wave functions of the two individual oscillators; ͉N-H;HN-CO͘ ϭ͉N-H͉͘HN-CO͘. The QCT calculations ͑see Fig. 6͒ were carried out for HNCO in its ground vibrational state: ͉N-H;HN-CO͘ϭ͉0;0͘.
The key feature of this model surface is the fact that the potential minimum is shifted to a longer C-N bond distance compared to the HNCO͑X 1 AЈ͒ ground state, while the N-H bond length is almost unchanged. As a consequence, the ground state vibrational wave function is mapped by the excitation process mainly onto the repulsive wall of the HN-CO coordinate, and so the excited state is subject to a strong impulsive force in the direction of that coordinate, favoring to a large extent NH͑a 1 ⌬͒ϩCO production over H atom formation. However, in a simple Franck-Condon picture, direct H atom formation requires the initial wave function to sample at least a part of the inner repulsive wall of the N-H bond in order to give rise to a driving force for the N-H bond cleavage. To the extent that the observed ''H atom forming'' trajectories in the QCT calculations arise from that part of the Franck-Condon region where the N-H bond is initially compressed, an isotope effect, H Ͼ D as observed in the room temperature HNCO/DNCO experiments, could be explained by the reduced ''amplitude'' of the ͉N-D͘ part of the ground-state zero-point vibrational wave function, which leads to a reduced overlap with the ''N-D repulsive'' region of the upper potential.
However, as a step towards a more quantitative comparison of the measured absolute hydrogen atom quantum yields and the observed isotope effect, calculations on an improved surface, which also accounts for such effects as the possible coupling between the N-H and C-N reaction coordinate, would be desirable.
B. Photolysis of isocyanic acid at 193 nm: H/D fragment anisotropy parameters and translational energy release
First, an explanation will be given for the difference between the value of ␤͑HNCO, 193 nm͒ of Ϫ0.55 reported in the present study and the value of Ϫ0.85 reported in Ref. 20 . The only significant difference in the experimental conditions which could account for the difference in the results is the temperature of the HNCO sample. The present result was obtained for a room temperature sample of HNCO, whereas the average rotational energy of HNCO in the molecular beam apparatus used by Wittig and co-workers 20 is less than 0.1 kcal/mol. The value of the anisotropy parameter ␤ measured for a photodissociation process may differ from the value pertaining in the limit of instantaneous dissociation ͑which in the case of a perpendicular transition is ␤ϭϪ1͒, due to loss of anisotropy arising from rotation of the excited molecule prior to decomposition. It is thus possible that the higher rotational energy of HNCO under the room temperature conditions of the present experiment is responsible for the reduction in the observed anisotropy of the product angular distribution.
For a more quantitative analysis, the correlation function formalism of Yang and Bersohn 50 was employed, which can be used to determine ␤ for a given structure of the dissociating molecule as a function of the sample temperature and the average dissociation lifetime of the excited molecule. In the calculations the HNCO͑ 1 AЉ͒ excited state structure was assumed to be the trans-conformation and approximated as a symmetric top using the rotational constants reported by Dixon and Kirby. 8 The transition dipole moment was assumed to be perpendicular to the molecular plane, consistent with an (X 1 AЈ→ 1 AЉ) excitation.
The resulting dependence of ␤ on the reduced molecular lifetime * is shown in Fig. 7 . As expected, the anisotropy parameter ␤͑*͒ approaches zero-corresponding to a spatially isotropic distribution of fragment velocities-as * increases. The reduced molecular lifetime * is defined by the mean excited state lifetime , the principal moment of inertia I, and the sample temperature T, via *ϭ(kT/I) 1/2 . In the present case the relationship between the reduced molecular lifetime * and the mean excited state lifetime is given by *ϭ1.34ϫ10 11 ϫ(T/K) 1/2 . Following this, a ␤ value of Ϫ0.55 measured for a room temperature ͑Tϭ300 K͒ sample implies a value for the excited state lifetime of Ϸ160 fs. This lifetime would give rise to an observed ␤ value of Ϫ0.85 for a sample at a rotational temperature of 30 K, corresponding to an average rotational energy of 0.06 kcal/mol, which is close to the estimated average rotational energy of р0.1 kcal/mol in the beam experiment of Wittig and co-workers. 20 Thus the two ␤ parameters measured in the 193 nm photolysis of HNCO seem to be mutually consistent with each other.
Good agreement with the results of Wittig and coworkers was also obtained regarding the translational energy release measurements. In the present experiments a value of f T ͑HϩNCO͒ϭ͑0.64Ϯ0.03͒ was determined for the fraction of the available energy released into relative H-NCO translation, fully taking into account the measured anisotropy of the product angular momentum distribution. The corresponding value obtained by Wittig and co-workers using the high-n Rydberg H atom time-of-flight technique is f T ͑HϩNCO͒ϭ0.70. 20 The high degree of translational excitation together with the observed strong anisotropy of the product angular distribution clearly supports the earlier suggestion that dissociation of HNCO after excitation at 193 nm proceeds to a large extent directly on the HNCO͑ 1 AЉ͒ surface via a repulsive mechanism. 20 Assuming that the rotational constants for HNCO͑ 1 AЉ͒ and DNCO͑ 1 AЉ͒ in the trans-conformation are negligibly different, Fig. 7 can also be used to estimate the DNCO excited state lifetime. In this case, the value of ␤͑DNCO, 193 nm͒ ϭϪ0.45 measured for a room temperature sample indicates a somewhat longer average DNCO͑ 1 AЉ͒ excited state lifetime of Ϸ240 fs, although account must be taken of the considerable experimental uncertainties in the measured ␤-value. Nonetheless, the measured value of f T ͑DϩNCO͒ ϭ͑0.44Ϯ0.04͒ indicates that the propensity toward translational excitation is significantly reduced compared to HNCO and suggests that an isotope effect is indeed operating. However, the measured value is still considerably larger than the value of f T ͑DϩNCO͒ϭ3/13Ϸ0.23 as expected in the ''prior'' statistical limit. 51 Besides the possibility that the heavier D atom could generate greater NCO rotation by exerting a greater torque during the dissociation process, the presence of more efficient coupling between the N-D dissociation coordinate and the other degrees of freedom of the molecule during the fragmentation could lead to the observed reduction of the f T value ͑by leading to a greater internal excitation of the NCO fragment͒ as well as to an increase in the excited state lifetime.
C. Photolysis of isocyanic acid at 248 nm: Photochemical product quantum yields
Compared to the product quantum yield measurements in the dissociation of HNCO after excitation at 248 nm, in which it was found that the dominating mechanism is H atom formation and that NH͑ 3 ⌺ Ϫ ͒ is produced only to a minor extent, NH ϭ͑0.05Ϯ0.10͒, a significantly higher product yield of ND ͑248 nm͒ϭ͑0.23Ϯ0.10͒ for ND͑ 3 ⌺ Ϫ ͒ formation was observed in the present DNCO photodissociation studies.
In HNCO photolysis studies at 193 nm it was found that NH is primarily formed in the ͑a 1 ⌬͒ state. 52 In kinetics studies of the reaction NH͑a 1 ⌬͒ϩCO, formation of NH͑ 3 ⌺ Ϫ ͒ was observed and it was suggested that the reaction proceeds without an activation barrier via HNCO͑X 1 AЈ͒ and HNCO͑ 1 AЉ͒ complex formation which then decompose mainly into the HϩNCO channel, but which also, to a certain extent ͑about 12%͒, undergo intersystem crossing to the 3 AЉ surface to form NH͑ 3 ⌺ Ϫ ͒ϩCO. 32͑b͒ In a theoretical study it was found that there is little possibility for HNCO͑ 1 AЉ͒ to convert directly into HNCO͑ 3 AЉ͒ along the HN-CO reaction coordinate even if spin-orbit interaction is considered. 49 In the same study, it was found that for the ground state HNCO͑X 1 AЈ͒, however, spin-orbit interaction is the important mechanism which allows the formation of NH͑ 3 ⌺ Ϫ ͒ϩCO via the observed spin-forbidden unimolecular decarbonylation reaction. 4d, 53 The theoretical result would suggest that efficient NH͑ 3 ⌺ Ϫ ͒ formation in general requires as a first step internal conversion of the initially excited HNCO͑ 1 AЉ͒ back to the ground electronic state.
Recently, Reisler and co-workers suggested that near the threshold for H-NCO bond dissociation, HNCO fragmentation does not proceed directly on the HNCO͑ 1 AЉ͒ excited state directly but occurs after crossing to the ͑X 1 AЈ͒ ground electronic state. 23 In this case the H atom vs NH͑ 3 ⌺ Ϫ ͒ product branching ratio would be determined by the ratio of the unimolecular decay rates of the highly energized HNCO ‡ ͑X 1 AЈ͒ complex. Comparison of the measured product branching ratio and the observed isotope effect with modeling results of statistical theories 54, 55 could serve as a test of this hypothesis and help to shed more light on the actual photodissociation mechanism.
D. Photolysis of isocyanic acid at 248 nm: H/D fragment anisotropy parameters and translational energy release
The small absolute values of the ␤ parameters obtained at 248 nm indicate dissociation via a long-lived complex which leads for HNCO to a considerable and, in the case of DNCO, to a complete loss of alignment due to molecular rotation prior to dissociation. The photolysis wavelength of 248 nm lies in the predissociative region of the HNCO spectrum and the observation of a considerable loss of anisotropy in the recoil velocity distribution would be consistent with decomposition of a predissociative state with a lifetime of the order of its rotational period. The barrier in the HϩNCO product channel postulated by Crim et al. lies approximately 40 300 cm Ϫ1 above the electronic ground state; the internal energy of the HNCO molecule following photoexcitation at 248 nm is therefore only slightly higher than that of the potential maximum ͑see Fig. 1͒ . Thus, a relatively long dissociative lifetime can be expected as the system must either tunnel through the potential barrier, or pass over it through a restricted region of phase space.
The errors in the present measurement of ␤͑HNCO, 248 nm͒ are again large, but the average value of Ϫ0.13 corresponds to a lifetime in the predissociation region of ϳ3 ps ͑estimated using the data depicted in Fig. 7͒ , which is in agreement with the results of Brown et al. who determine the same value as a lower limit after photoexcitation of HNCO at about 260 nm. 29 The difference observed between the ␤ values for HNCO and DNCO suggests again a somewhat longer lifetime for the excited DNCO molecule. The total internal energies of room temperature HNCO and DNCO after excitation at 248 nm are 40 700 and 40 180 cm Ϫ1 , respectively, with a thermal energy spread of about 300 cm Ϫ1 , and are significantly different with respect to the probable location of the barrier to dissociation of the HNCO͑ 1 AЉ͒ excited state around 40 300 cm Ϫ1 ͑see Fig. 1͒ . As the rate of dissociation by passage either immediately over the barrier, or through it by tunneling, will be strongly dependent on the excitation energy, and furthermore, the tunneling probability for the heavier D atom is reduced, a longer dissociation lifetime for DNCO and hence a higher degradation of the anisotropy of the product recoil velocity distribution can be anticipated.
Photolysis of isocyanic acid at 248 nm generates a higher fraction of the available energy in translation for DNCO than for HNCO. Although the average translational energies of the H and D atoms are very similar, at this long excitation wavelength the zero-point energy difference of HNCO and DNCO lead to a smaller available energy for DNCO. The result of f T ϭ0.55 obtained for HNCO 17 compares well with the values recently reported by Brown et al. 29 who characterized the NCO fragment in nearthreshold photolysis of HNCO at a number of wavelengths in the range 246-260 nm. It should be noted in making detailed comparisons that when calculating fractional excitation energies such as f T , in Ref. 29 a value of D 0 ͑HNCO͒ϭ107.4 kcal mol Ϫ1 was used and the thermal internal energy of HNCO was not included in determining the average energy available to the HϩNCO products.
A comparison of the experimental values of f T ϭ0.55 and f T ϭ0.64 obtained for HNCO 17 and DNCO, respectively, with the corresponding results of a simple statistical calculation 51 ͑taking into account energy conservation only͒, which gave f T ϭ0.38 and 0.43, suggests a similar deviation from the ''prior'' values for both molecules. Because of the low excess energy for dissociation at 248 nm, the ''prior'' values were calculated using direct quantum state summation.
From a dissociation lifetime of several picoseconds as suggested by the ␤ parameter measurements, however, a statistical product energy partitioning might be expected; that this is not observed is probably due to exit channel effects, in which the barrier energy is partitioned preferentially into relative translational motion of the H/DϩNCO products. 17, 29 
V. SUMMARY
Absolute cross sections and product quantum yields for photolytic formation of H/D atoms were measured after optical excitation of HNCO/DNCO at 193 and 248 nm, respectively. In addition, the anisotropy of the recoil velocity distribution and the average center-of-mass translational energies of the produced H/D atoms were determined. At the photolysis wavelength of 193 nm, the H/D atom photolytic product quantum yields are H ϭ͑0.36Ϯ0.08͒ and D ϭ͑0.21Ϯ0.03͒, and H ϭ͑0.95Ϯ0.10͒ 17 and D ϭ͑0.77 Ϯ0.10͒ at 248 nm for HNCO and DNCO, respectively, indicating for both excitation wavelengths an isotope effect of the form H Ͼ D . The experimental results further indicate that at the longer wavelength the relative importance of the spin-forbidden decarbonylation pathway increases upon isotope substitution. At 193 nm, the observed anisotropic H/D atom recoil velocity distribution and the high degree of product translational excitation is consistent with a perpendicular optical excitation step (X 1 AЈ→ 1 AЉ) followed by a direct dissociation. The markedly reduced anisotropy of the H/D atom recoil velocity distribution after excitation at 248 nm, on the other hand, indicates a change in the fragmentation mechanism. The reduction of the anisotropy of the fragment angular distribution could be explained by an increase in the dissociation lifetime of the excited HNCO/DNCO molecule. The latter would be consistent with the assumption that excitation at 248 nm induces a transition to a predissociative region of the HNCO/DNCO͑ 1 AЉ͒ excited state surface. For a detailed quantitative comparison with the present results which are summarized in Tables I and II , however, further theoretical studies of the dissociation dynamics are clearly needed which take into account both the possibility of nonadiabatic fragmentation pathways after (X 1 AЈ→ 1 AЉ) excitation as well as-in particular at the long wavelength end of the optical absorption spectrum-the direct participation of the (X 1 AЈ→ 3 AЉ) optical transition. 
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